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Summary
Objective: To compare collagen ﬁbre alignment angles obtained from polarised light microscopy (PLM) and diffusion-tensor imaging (DTI) in
bovine articular cartilage.
Methods: Five samples of bovine articular cartilage from ﬁve different animals were studied using magnetic resonance imaging and PLM tech-
niques. T2-weighted, diffusion-tensor (DT), and PLM images were acquired for each sample and average depth proﬁles of the PLM and DTI
angles, as well as the banding patterns observed in T2-weighted magnetic resonance (MR) images, were compared. Statistical properties of
the distributions of the DTI and PLM angles were examined.
Results: The samples exhibited a range of alignment morphologies. In the samples with the ‘‘conventional’’ three-zone alignment pattern,
a correlation between the PLM and DTI alignment zones and the banding in T2-weighted MR images was observed. The shapes of the depth
proﬁles of the PLM and DTI alignment angles were qualitatively similar for each sample. Three samples showed good quantitative correlation
between the DT and PLM alignment angles. The correlation between the diffusion and PLM alignment angles was best in the regions of low
degree of disorder of ﬁbre alignment.
Conclusions: This study provides the ﬁrst quantitative comparison of DTI of cartilage with the more established PLM techniques. The corre-
lation between alignment angles derived from PLM and DTI data was evident across a wide range of alignment morphologies. The results
support the use of DTI for the quantitative measurement of collagen ﬁbre alignment. The microscopic-scale (w10 mm) dispersion of ﬁbre align-
ment angles appears to be an important factor for understanding the extent of quantitative correlation between PLM and DTI results.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Abbreviations: AS, articular surface of cartilage; B0, the vector of the static magnetic ﬁeld; DTI, diffusion-tensor imaging; FA, fractional aniso-
tropy; MR(I), Magnetic resonance (imaging); NMR, Nuclear magnetic resonance; PLM, polarised light microscopy; R, correlation coefﬁcient of
linear regression; ROI, region of interest; RPLM, goodness-of-ﬁt of the PLM polarisation angle; SEM, scanning electron microscopy; a, PLM
polarisation angle (the angle between the fast optical axis and the normal to the articular surface of the sample); q, the angle between the
principal diffusion eigenvector and the normal to the articular surface of the sample; qAS, the angle between the static magnetic ﬁeld B0
and the normal to the articular surface of the sample.Introduction
Adult articular cartilage has a zonal architecture which is de-
termined by the alignment of its collagen ﬁbres. Three zones
of alignment are usually distinguished1. The ﬁbres are
aligned parallel to the articular surface (AS) in the superﬁcial
zone (closest to the AS) and normal to the surface in the ra-
dial zone (closest to the bone), with a continuous and mono-
tonic variation in average ﬁbre orientation in the transitional
zone between them. This architecture was proposed initially1This work was supported by a QUT Strategic Collaborative
Research Program Grant.
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689on the basis of polarised light microscopy (PLM) and scan-
ning electron microscopy (SEM) measurements1e4.
PLM is a transmission optical microscopy technique that
measures the birefringence of the sample. The wavelength
of the light is selected so as to exclude speciﬁc interactions
(e.g., absorption maxima); therefore, the tissue can be con-
sidered a continuous but optically anisotropic medium. The
orientation of collagen ﬁbres is inferred on the basis of the
directions of optical axes at the maximal birefringence (or
optical retardance, which is linearly proportional to birefrin-
gence in a sample of uniform thickness). PLM was the ﬁrst
technique used to establish (albeit within the context of
a model that was incorrect in detail) the curved architecture
of collagen ﬁbres in adult cartilage5 and remains one of the
most commonly used techniques for the investigation of
cartilage microstructure.
Magnetic resonance (MR) techniques [Nuclear magnetic
resonance (NMR) and magnetic resonance imaging (MRI)]
690 S. K. de Visser et al.: DTI and PLM of bovine cartilagehave been widely applied in studies of cartilage since the
1990s and have been used both clinically6 and in vitro7e16.
The phenomenon of banding observed in spin-density and
relaxation-weighted MR images17e22 has been successfully
used as a probe of the zonal structure of cartilage. Diffu-
sion-tensor imaging (DTI) is an MRI technique that has re-
cently found application in microimaging of cartilage7e9,23.
DTI yields speciﬁc and precise information about local an-
isotropy on the length scale of tens of microns, and is exqui-
sitely sensitive to the local morphological structure of the
studied tissue24e26. Two recent studies of cartilage have
demonstrated that spatially resolved maps of the direction
of the principal diffusion eigenvector derived from DTI mea-
surements are consistent with the known collagen ﬁbre
architecture7,9. DTI measurements have also been used
to observe changes in collagen ﬁbre orientation under
mechanical compression8.
Both PLM and DTI, therefore, indirectly measure the pre-
vailing orientation of collagen ﬁbres, although in different
ways. While PLM remains the ‘‘gold standard’’ for measure-
ment of ﬁbre orientation, there is signiﬁcant interest in
adapting non-destructive techniques for the observation of
microstructure and molecular integrity of cartilage7,9,14e16.
DTI possesses many of the features required for this task,
namely: non-invasiveness; the ability to provide sub-milli-
metre spatial resolution; and sensitivity to both the micro-
scopic environment and local structure of the tissues
studied. In addition, interpretation of the directional aniso-
tropy of the diffusion-tensor (DT)7e9 is relatively straight-
forward compared to quantitative interpretation of MR
relaxation rates27. A comparison of DTI with the more
established PLM techniques is important for evaluating
the advantages and limitations of each technique; however,
to date no quantitative comparative analysis of PLM and
DTI results relating to cartilage has been available.
In this work, we compare in vitro PLM and DTI results ob-
tained from ﬁve samples of bovine articular cartilage that
exhibited a range of morphologies. In each measurement,
a two-dimensional (2D) spatially resolved image of the car-
tilage sample was obtained. Spatial resolution in the depth
dimension (the direction perpendicular to the AS) enabled
the measurement of the depth proﬁles of the PLM polarisa-
tion angle and the direction of DTI principal diffusion eigen-
vector. Spatial resolution in the lateral dimension (along the
AS) enabled statistical analysis of the angular distributions
at a given depth. The resulting depth proﬁles of the PLM
polarisation angle and the direction of the principal diffusion
eigenvector were compared with each other and with the
banding patterns observed in T2-weighted MR images
of each sample. The statistical properties of the distributions
of the DTI and PLM angles, as well as the relationship
between the standard deviations of these angles and the
degree of correlation between PLM and DTI proﬁles, were
also examined.MethodsSAMPLE PREPARATIONFive samples of bovine cartilage (AeE), obtained from the femoral con-
dyles of ﬁve different animals, were examined. Four samples (A, B, D,
and E) were taken from the upper medial edge of the lateral femoral con-
dyle, and one (sample C) from the middle of the medial femoral condyle.
The age of the animals at slaughter was in the range 6 monthse2 years.
The typical thickness of the cartilage in the samples was 2 mm. The joints
had been collected fresh from the abattoir on the morning of the ﬁrst day
of testing. Cartilage samples approximately 1 cm 1 cm in size were
sawn off the patellar grooves to include an underlying layer of subchon-
dral bone, as seen in Fig. 1. The samples were placed in phosphatebuffered saline (PBS) for 1 h to allow re-hydration. These samples were
used for MR imaging without further modiﬁcation and kept in PBS during
the imaging. PBS (0.01 M phosphate buffer, 0.0027 M KCl, 0.137 M NaCl,
pH 7.4 at 25C) was prepared from PBS concentrate tablets (Sigmae
Aldrich, USA). For PLM, cartilage samples were cryo-sectioned perpendic-
ular to the AS. The sections were defrosted, hydrated, and placed on
glass slides without any additional ﬁxing. The position and orientation of
the sections analysed were chosen to correspond to the imaging plane
used in the respective DTI measurements. The thickness of the sections
was 20 mm.PLMPLM was carried out on a Nikon Labophot-pol microscope ﬁtted with
a blue 1W light-emitting diode (LED) light source (lw 475 nm,
Dlfwhhw 25 nm, LumiLED, USA), using a 5 objective and 12 bit thermo-
electrically cooled digital camera (Leica DFC480, Leica Microsystems
GmbH, Wetzlar, Germany) with crossed polarising elements and calibration
wave-plate. The samples were centred in the microscope with the normal to
the AS of the cartilage directed along the x-axis of the camera, which corre-
sponds to the x-axis of Fig. 2. Retardance images of the sections were taken,
leaving the sample stationary and rotating the crossed polarising elements in
15 angular increments with the polariser moving from 45 to 45 (analyser
from 45 to 135). This ensured pixel alignment between different photo-
graphs of the same sample. With the polariser and analyser in the ﬁnal po-
sitions, two ﬁnal images of the sample were taken with the analyser offset 5
either side from the crossed position and with a wave-plate inserted with slow
axis at 90 to the x direction. These two images are referred to as ‘‘negative-
image’’, where the analyser is 5 clockwise towards the x-axis, and a ‘‘posi-
tive-image’’, where the analyser is 5 anti-clockwise past the 90 crossed
position. To determine the direction of the optical axis of the sample,
a squared sine (sin2) function with a baseline offset was ﬁtted for each pixel
to the intensity of the image as a function of the polariser angle. The phase of
the ﬁtted sin2 function was taken as the analyser offset at that pixel. The
‘‘negative’’ and ‘‘positive’’ images were used unambiguously to convert the
analyser offset into the polarisation angle a (the direction of the fast optical
axis of the sample) and to distinguish between a values f and fþ 90.
The digital resolution was (2.73 mm)2 in each image.MRIMRI measurements were performed using a Bruker Avance NMR spec-
trometer with a 7.0 T vertical-bore magnet. The system was equipped with
a 1.1 Tm1 (110 G cm1) triple-axis gradient set and a Micro2.5 microimag-
ing probe. The radiofrequency (RF) coil used in the imaging was a 15 mm
birdcage 1H resonator (Bruker, Germany). Further details of the imaging sys-
tem can be found in the literature7,8,24. Cartilage specimens were immersed
in physiological saline inside a 15 mm NMR tube and orientated at the re-
quired angle with respect to the static magnetic ﬁeld B0 using previously
manufactured Teﬂon plugs7,8.T2-WEIGHTED IMAGINGT2-weighted images of each sample were recorded at 25
C with the nor-
mal to the AS of the sample orientated at qAS¼ 0 with respect to the static
magnetic ﬁeld (B0). The imaging slice was 2 mm thick and orientated perpen-
dicular to the AS. The images were recorded using a multi-echo spin-echo
(SE) sequence with an echo spacing of 4.3 ms. Image matrix size was
128 128; effective sweep width, 70 kHz; repetition time, 2500 ms; ﬁeld of
view, 20 mm 20 mm. Four transients per scan were acquired; the total im-
aging time was 21 min per sample.DTIDT images were recorded at 25C using a single-echo diffusion-weighted
spin-echo sequence. The imaging slice was 2 mm thick and orientated per-
pendicular to the AS. To maximise the T2 values, the samples were orien-
tated so that the normal to the AS formed an angle qAS 55 with B07.
Image matrix size was 128 128, zero-ﬁlled to 256 256 prior to Fourier
transform; effective sweep width, 120 kHz; repetition time, 2000 ms; echo
time, 12.58 ms; ﬁeld of view, 20 mm 20 mm. The diffusion parameters
were: d, 2 ms; D, 8 ms; diffusion gradient, g0¼ 0.7 Tm1. The DT was sam-
pled using six independent gradient directions. The values of the elements of
the tensor were obtained from a linearised StejskaleTanner diffusioneatten-
uation equation28 using two gradient points for each direction: zero-gradient
and g0. The DT was reconstructed using Matlab code written in-house and
based on previously published work7,24. Signal averaging was achieved by
adding eight transients for each diffusion gradient direction used; the imaging
time was 34 min per direction (approximately 4 h per sample).
Sample A Sample B
Sample ESample D
Sample C
B0
Fig. 1. T2-weighted images of samples AeE. The images were acquired with the normal to the AS of the samples parallel to the static magnetic
ﬁeld B0 (qAS¼ 0). The imaging slice was 2 mm thick and orientated perpendicular to the AS. The images were recorded using a multi-echo
spin-echo sequence with spacing 4.3 ms. Imaging conditions: matrix size 128 128; effective sweep width, 70 kHz; repetition time, 2500 ms;
ﬁeld of view, 20 mm 20 mm; four transients per scan. The images shown correspond to the 65th echo (echo time (TE)¼ 279.4 ms). The dark
area above the AS is the Teﬂon plug used to orient the sample; the bright area around the sample is saline. Scale: the ﬁeld of view shown is
2 cm in each dimension. Of the two samples in A, the left sample was used for subsequent DTI and PLM measurements.
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The T2-weighted images of each sample at qAS ¼ 0 are
shown in Fig. 1. The ﬁve samples exhibited a range of
banding behaviours. Two of the samples, B and E, ex-
hibited a ‘‘conventional’’ three-band pattern with hypoin-
tense outside bands and a hyperintense band in the
middle. Sample C exhibited a more complex, ﬁve-band be-
haviour with a hyperintense band near the AS and alternat-
ing hypo and hyperintense bands of comparable thicknessFig. 2. Map of PLM polarisation angle a (the angle between the
‘‘fast’’ optical axis and the normal to AS) for sample B. White corre-
sponds to a¼ 90; black, to a¼ 0.closer to the bone. The cartilage of this sample had been
removed from the bone. Sample D exhibited a similar pat-
tern to C over most of the sample, but with a hypointense
band near AS and a relatively thick middle hypointense
band. Finally, sample A [the left specimen in Fig. 1(A)] ex-
hibited a complex banding pattern with a large fraction of
the sample’s thickness covered by hyperintense bands.
DT images (78 mmin-plane spatial resolutionafter 2 zero-
ﬁlling) and PLM images (2.7 mm spatial resolution) were ob-
tained with the image plane perpendicular to the AS of the
cartilage for each of the ﬁve samples studied. DTI images
covered the full depth of the cartilage (from AS to the bone)
and approximately 1.5 cm in the lateral dimension (the di-
mension along the AS). All PLM images covered an area
1.745 mm in the depth dimension 1.309 mm in the lateral
dimension.
From each DTI image, 2D spatially resolved maps of the
following quantities were calculated: the angle between the
principal eigenvector of the DT and the normal to the AS
(diffusion angle, q); fractional anisotropy (FA) of the DT(de-
ﬁned in Ref. 7); and the projection of the angle q onto the
imaging plane (qp). A representative map of the diffusion an-
gle q (sample B) is shown in Fig. 3. From each PLM image,
spatially resolved 2D maps of the following quantities were
calculated: the optical retardance (r); the polarisation angle
between the ‘‘fast’’ optical axis and the normal to the AS
(PLM angle, a); and the goodness-of-ﬁt of the polarisation
angle (RPLM; deﬁned for a given pixel as the standardised
covariance, or Pearson’s R value, between the sets of mea-
sured and ﬁtted retardance values for the seven orienta-
tions of the polariser and analyser used in the
measurements). An example of the polarisation angle
map (sample B) is shown in Fig. 2.
Fig. 3. Map of the diffusion angle q (the angle between the principal
diffusion eigenvector and the normal to AS) for sample B. The sig-
nal intensity scale is shown on the right, with white corresponding to
q¼ 0 and black to q¼ 90. The signal from the surrounding water
and bone has been removed by thresholding.
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larisation angle a and diffusion angle q, one-dimensional
(1D) depth proﬁles of the following DTI quantities were cal-
culated: average diffusion angle CqD (and its standard devia-
tion Dq); average fractional anisotropy CFAD (and DFA), as
well as the average projected diffusion angle CqpD. The
depth proﬁles of the sum of squared directional cosines of
the diffusion eigenvectors (Scos2) (deﬁned as the cosines
of the angle between the normal to the AS and a given
DT eigenvector) were also calculated. The regions of inter-
est (ROIs) for the calculation of the average depth proﬁles
were selected in the central regions of the samples, such
that the ROIs were representative of the overall appearance
of the image and free of any ﬁssures or other abnormal fea-
tures. The selected ROIs covered approximately 25 pixels
(2 mm) in the lateral dimension of the sample. The average
depth proﬁles of the following PLM quantities were also cal-
culated: the angle a and its standard deviation (CaD and Da),
optical retardance (CrD), and the goodness-of-ﬁt (CRPLMD).
These depth proﬁles were calculated from the entire lateral
width of the PLM ﬁeld of view (1.309 mm).
The depth proﬁles of PLM polarisation angle CaD and dif-
fusion angle CqD are shown for each sample in Fig. 4. The
PLM angle was averaged over 28 or 29 rows of PLM pixels,
so that the calculated values of CaD and CqD referred to similar
cross-sectional areas of the respective sample. Both a and
q were also averaged in the lateral dimension as described
in the previous paragraph. The depth proﬁles of CaD and CqD
fell into three groups. For samples B and E, both angles
generally decreased with the increasing distance from the
AS. For samples A and C, each of the angles a and q
had a minimum in the intermediate zone. The proﬁles for
sample D were relatively featureless, with both the angles
a and q close to 90 through most of the thickness of the
cartilage. In order to quantify the degree of agreement be-
tween the PLM and DT depth proﬁles, three types of statis-
tical measures were used: (1) the parameters of the
BlandeAltman plot29; (2) the number of data points for
which the absolute value of the difference between the
two angles, jq aj, was below 15; and (3) kappa coefﬁ-
cients of agreement for categorically scaled data30, where
the data points were classiﬁed as belonging to one of three
alignment zones: radial if q, a< 30; transitional if 30  q,a 60; and superﬁcial if q, a> 60. The values of these
parameters for each sample are presented in Table I.
The depth proﬁles of FA of the DT (CFAD), the goodness-
of-ﬁt parameter (CRPLMD), the sum of the squared DTI direc-
tional cosines (Scos2), and optical birefringence (CRD) were
also calculated. The shape of these proﬁles generally was
uncorrelated with the proﬁles of the angles CaD and CqD.
The values of FA were typically in the range 0.05e0.14.
The standard deviations, DFA, ranged from 15% to 40%
of the value of FA at that depth, in a given sample. As
a baseline, the nominal average value of the FA of a bulk-
water region was also measured for each sample; the aver-
age baseline value was 0.07 0.02. The sum of the
squared DTI directional cosines, Scos2, exhibited a weak
correlation (R2¼ 0.37) with the quantity 1CRPLMD2.Discussion
The PLM polarisation angle is a universally accepted
measure of the alignment of collagen ﬁbres in cartilage5,31.
The orientation of the principal eigenvector in MR DT
images was also recently shown to reﬂect the alignment
of collagen ﬁbres7,9. The objective of this study was quanti-
tatively to compare the results obtained by the two tech-
niques for a number of bovine cartilage samples, and to
investigate the potential of DTI as a non-invasive, non-
destructive imaging modality for quantitative measurement
of collagen ﬁbre orientation in articular cartilage. For a given
sample, the comparison entailed acquiring PLM and DT im-
ages of ROIs of approximately the same location and orien-
tation. This approach is consistent with the protocols used
by other researchers, who found that the PLM images
from parallel, 6-mm thick slices separated by up to 1 mm
had the same general appearance31.
DT imaging is based on the measurement of the random
thermal motion of water molecules32. The motion is con-
strained by the immobile biopolymeric scaffold of the tissue.
Molecular displacement (and therefore diffusive attenuation
of the NMR spin-echo) is greatest in the direction in which
the molecular motion is conﬁned to the least extent. In car-
tilage, this anisotropic conﬁnement of molecular motion
results in the principal eigenvector of the DT generally as-
suming different orientations in each of the different zones
of ﬁbre alignment. The degree of the conﬁnement can be
measured by the FA of the DT. The FA values observed
were small but signiﬁcant and consistent with previous
DTI studies of articular cartilage7e9.FIBRE ALIGNMENT MORPHOLOGYThe ﬁve samples of bovine cartilage showed a signiﬁcant
degree of variability in the behaviour of the depth proﬁles of
the DTI and PLM alignment angles. The generally accepted
model of collagen architecture in articular cartilage is that of
collagen ﬁbres perpendicular to the AS near the bone and
gradually curving to become parallel to AS near the surface.
This conventional model adequately described only two of
the ﬁve samples studied (B and E). In sample A, the ob-
served alignment patterns deviated from the conventional
model near the bone. In samples C and D, the observed
alignment patterns did not follow the conventional model
at all.
This variation in the observed alignment patterns is con-
sistent with previous studies of articular cartilage. Xia and
co-workers reported an intrinsic spatial heterogeneity in
the laminar appearance of cartilage in MR images, with
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Fig. 4. Depth proﬁles of the average diffusion direction angle CqD (left column) and the average PLM polarisation angle CaD (right column) for
samples AeE (rows 1e5). Each plot consists of 22 equidistant individual points, which represent the average value of the respective angle in
a given sample, at a given depth. The error bars represent the standard deviations, which were determined from the distributions of the angles
over the respective laminae of the ROI.
Table I
Statistical agreement between the depth profiles of the PLM polarisation angle CaD and diffusion angle CqD in each of the samples AeE. The
number of points compared was 22 for each sample
Sample BlandeAltman parameters (() Nagreementy kz Degree of agreement
Cq aD Limit of agreement*
A þ23 32 5 0.18 General proﬁle shape
B þ5 22 18 0.86 Good
C 3 38 12 0.11 General proﬁle shape
D þ2 16 21 0.93 Good
E þ6 18 20 0.73 Good
*Deﬁned as twice the standard deviation of the BlandeAltman plot.
yThe number of points (out of 22) for which jq aj< 15.
zKappa coefﬁcient of agreement for the data points classiﬁed as ‘‘radial’’, ‘‘transitional’’, or ‘‘superﬁcial’’ (see Results and data analysis).
694 S. K. de Visser et al.: DTI and PLM of bovine cartilagethe number of laminae observed being dependent upon the
location of the sample in the joint20e22. Foster et al. ob-
served vertical striations on a sub-millimetre length scale33.
Orientation of the split lines e i.e., the cleavage lines sepa-
rating collagen leaves in the arch-like superstructure e also
signiﬁcantly affects the appearance of STM images of sec-
tioned articular cartilage1,19. We shall refer to these factors
collectively as ‘‘sample heterogeneity’’, i.e., a set of factors
that may cause the observed ﬁbre alignment proﬁle to vary
within a given sample of cartilage on the length scale of
millimetres. Besides sample heterogeneity, the observed
alignment morphologies may be inﬂuenced by the age, ex-
act anatomical location of the sample, and individual ana-
tomical and physiological peculiarities of the animals. An
investigation of the factors inﬂuencing the observed mor-
phologies is outside the scope of the present study. But im-
portantly, it could not be assumed that collagen ﬁbres
always followed the same general orientational pattern.
Consequently, the results of the PLM and DTI measure-
ments need to be compared separately for each sample
studied.COMPARISON OF DTI AND PLM DEPTH PROFILESVisual examination of Fig. 4 reveals that the shapes of
the depth proﬁles of the PLM and DTI alignment angles
were qualitatively similar for each of the ﬁve samples stud-
ied. In order to quantify the degree of agreement between
the two sets of data, we employed the comparison param-
eters of Table I. BlandeAltman parameters and Nagreement
are based on the raw values of CaD and CqD; these parame-
ters report on the quantitative degree of agreement be-
tween the two angles. The kappa coefﬁcients are based
on categorically scaled data and report on the agreement
between the two techniques in identifying a particular layer
of cartilage as belonging to radial, transitional, or superﬁcial
alignment zone. Table I shows that three of the samples (B,
D, and E) exhibited a good quantitative correlation between
the corresponding values of the DTI angle CqD and the PLM
angle CaD. The other two samples (A and C) failed to show
a signiﬁcant agreement between the corresponding values
of CqD and CaD. The presence of correlation between the
overall shapes of the DTI and PLM proﬁles across a wide
range of sample morphologies is encouraging, in that DTI
was capable of reproducing the general alignment pattern
in articular cartilage measured by another technique. The
limits of agreement between DTI and PLM angles, as well
as the lack of quantitative agreement in two of the samples
studied, are discussed in the following sections of the
paper.COMPARISON WITH T2-WEIGHTED IMAGESIt is useful to compare the DTI and PLM proﬁles shown in
Fig. 4 with the banding observed in the T2-weighted images
of the same samples (shown in Fig. 1). The laminae seen in
T2-weighted images of cartilage have been shown to be sta-
tistically equivalent to the histological zones observed in the
PLM images of unstained cartilage sections31,34. The two
samples that exhibited the conventional PLM and DTI align-
ment patterns (samples B and E) also showed conventional
banding in the T2-weighted images acquired at qAS¼ 0. In
sample A, the hyperintense bands approximately corre-
sponded to the DTI regions in which the apparent ﬁbre ori-
entation was close to 55, and the hypointense bands, to
the regions with q close to either 0 or 90. In samples C
and D there was no obvious correlation between the PLM
and DTI proﬁles and the T2-weighted banding patterns.
The DTI proﬁle of sample C was similar to that of sample
A; however the T2-weighted image of sample C exhibited
an order of the bands different from sample A. Sample D
showed little structure in the DTI and PLM proﬁles but
a complex banding pattern in the T2-weighted image. It
therefore appears that the correlation between PLM align-
ment zones and T2-weighted banding, which has been ob-
served previously31, may be present only in samples with
the conventional alignment pattern but absent in ‘‘non-
conventional’’ samples.MICROSCOPIC DISORDER OF FIBRE ALIGNMENTTheerror bars shown in Fig. 4 reﬂect the fact that, at a given
depthwithin a particular sample, neither the PLMpolarisation
angle a nor the DTI diffusion angle q were perfectly uniform.
The standard deviations of each angle at a given depth typ-
ically fell within the range from 5 to 20. We shall refer to this
as ‘‘ﬁbre alignment disorder’’, i.e., the presence of a distribu-
tion of ﬁbre orientations at a given depth in a given sample. In
some samples, this distribution may be contributed to by the
presence of uniform but distinct domains within a given vol-
ume of cartilage (sample heterogeneity). However, the
assumption of a multi-domain structure is not required, be-
cause on the microscopic-length scale collagen ﬁbres are
subject to a statistical distribution of orientations, even if
the observed alignment pattern is uniform on the length scale
of hundreds of microns or millimetres. For example, the pa-
per by Xia et al. concluding that the prevailing collagen orien-
tation does not vary signiﬁcantly over a 1 mm distance, also
clearly shows local non-uniformity of the PLM images on the
length scale of tens of microns31. The SEM micrographs ob-
served in numerous studies also reveal the presence of
695Osteoarthritis and Cartilage Vol. 16, No. 6a distribution of ﬁbre orientations on the length scale
5e10 mm1,35. The presence of a microscopic-orientational
distribution does not preclude the observed alignment pat-
tern from being uniform in a given sample. The conservation
of the prevailing ﬁbre orientation over a macroscopic (1 mm)
region requires only that the average orientation be con-
served; it does not require a perfectly uniform alignment of
all collagen ﬁbres in that region.
In both the PLM and DTI proﬁles the relatively large
values of the standard deviations of q and a (Dq,
Da 15) tended to coincide with the regions where the
alignment angles q, a were between 30 and 60. This sug-
gests that the degree of disorder of ﬁbre orientation is great-
est in the transitional zones, where the ﬁbres undergo
a change in their alignment.
The presence of a microscopic disorder of ﬁbre alignment
is signiﬁcant for the interpretation of DTI measurements. In
amesh of ﬁbres disordered on a length scale of 10 mm, a par-
ticular watermoleculewill access a range of ﬁbre orientations
on the timescale of a DTI measurement. This will result in the
measured DT and the DTI angle q behaving as weighted-
average quantities within a given DTI pixel, with the averag-
ing depending in a complicated and non-linear way on the
relative anisotropy and the degree of disorder. On the other
hand, the apparent PLM angle is a simple vector average of
the contributions from the individual ﬁbres.Becauseof thedif-
ferent averaging behaviour of the PLM and DTI angles, the
two techniques could yield identical values of the alignment
angles only in the limit of perfectly uniform ﬁbre alignment,
but not when microscopic disorder is present. We therefore
believe that disorder of ﬁbre alignment on a microscopic
(w10 mm) scale is important in order to understand the extent
of agreement between the CaD and CqD proﬁles of Fig. 4.CORRELATION BETWEEN PLM AND DTI ANGLESIt is instructive to compare the full sets of angles CaD and
CqD for all ﬁve samples. A cumulative correlation plot be-
tween the average diffusioneorientation angle, CqD, and
the average PLM polarisation angle, CaD is shown in20
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Fig. 5. (a) Average diffusion angle, CqD, plotted vs average PLM polarisation
C,6; sample D,:; sample E, +. Each point refers to a given distance f
regression R2¼ 0.77. The solid line corresponds to CqD¼ CaD and is given a
failed to show a good agreement between the values of CqD and CaD (sam
excluded. The squared coefﬁcient oFig. 5(a). This plot includes all the individual data points
shown in Fig. 4. Linear regression on the plotted points
yielded R2¼ 0.77. Figure 5(a) also reveals a small but sys-
tematic positive difference between the DTI angle q and the
PLM angle a in the low-angle region of the plot.
Figure 5(b) shows the subset of the points of Fig. 5(a) for
which the standard deviation Dq was less than 15. These
points can be thought of as representing the laminae of car-
tilage where the ﬁbre alignment was relatively uniform. Be-
cause the relatively large values of Dq tended to occur in
the transitional zones, the points of Fig. 5(b) contain mostly
(albeit not exclusively) the points from the radial and superﬁ-
cial zones. Linear regression of the points of Fig. 5(b) yielded
R2¼ 0.90. This suggests that the agreement between CaD
and CqD was best in the regions of low degree of disorder of
ﬁbre alignment. Conversely, in the transitional zones, where
the disorder was relatively high, the agreement between CaD
and CqD was relatively poor. We hypothesise that one of the
reasons for this is the different averaging behaviour of the an-
gles CaD and CqD, whichmeans that the difference between the
two angles is greatest when the width of the statistical distri-
bution of ﬁbre orientations is large.
The PLM polarisation angle can be thought of as a projec-
tion of the three-dimensional (3D) direction of a collagen
ﬁbre onto the 2D plane as sampled in microscopy measure-
ments. Conversely, DTI measurements yield the complete
3D orientation of the DT in each of the pixels in the imaging
slice. Therefore, it can be argued that the proper way to
compare PLM and DTI results is to use the diffusion angle
q projected onto the DT imaging plane. To test this hypoth-
esis, the projected value qp of the angle q was calculated for
each DTI pixel, for each sample. The average depth proﬁles
of qp were then calculated in the same way as for the orig-
inal angle q. The use of projected qp values did not improve,
and in most samples worsened, the agreement between
a and q. This ﬁnding is consistent with the data of Fig. 5:
If the angle a were indeed the PLM equivalent of the pro-
jected DTI angle qp, then the value of a would have signiﬁ-
cantly underestimated the true ﬁbre orientation angle in the
areas where the ﬁbres run almost parallel to the AS20 40 60 80
egrees)
(b)
angle, CaD, for all ﬁve samples: sample A,,; sample B,-; sample
rom the AS in a particular sample. The squared coefﬁcient of linear
s a visual guide. The empty symbols correspond to the samples that
ples A and C). (b) The same plot, but with all points with Dq> 15
f linear regression R2¼ 0.90.
696 S. K. de Visser et al.: DTI and PLM of bovine cartilage(a¼ 90). The subset of such ﬁbres that are also almost
perpendicular to the imaging plane would have appeared
to be almost perpendicular to the AS as well (apparent
a¼ 0). But in fact, the agreement between CaD and CqD
near a¼ 90 was good, meaning that no such underestima-
tion occurred.PRACTICAL CONSIDERATIONS IN DTI OF CARTILAGEDiffusion measurements have long been a valuable tool
in in vitro studies of cartilage36,37. Recent developments
in diffusion NMR also open the possibility of selective mea-
surement of diffusion of metabolites in cartilage from 1H
NMR spectra38,39. The present study was focused on the
use of diffusion MR for studying the microstructure of carti-
lage samples in vitro and examined the agreement between
the alignment angles derived from DTI and PLM measure-
ments. The results demonstrate that DTI is capable of pro-
viding spatially resolved information characterising the
alignment of collagen ﬁbres, reinforcing the ﬁndings of other
recent DTI studies7e9,23. As an in vitro study, the present
work did not aim to optimise the imaging speed. We note,
however, that the imaging times involved could be short-
ened signiﬁcantly by combining the DTI protocol with fast
(multi-slice SE) or ultrafast echo-planar imaging (EPI) ac-
quisition techniques. This would be advantageous for in-
creasing the achievable throughput in future similar
studies. When extending the DTI methodology to cartilage
samples on the bone, consideration will need to be given
to the orientational dependence of the aqueous T2 in carti-
lage. Maximising the T2 by orienting the sample at the
magic angle with respect to B0, as was done in the present
study, may not always possible for irregular-shaped on-the-
bone samples; this may limit the available signal-to-noise
ratio. Consideration also needs to be given to the ﬁlling fac-
tor of the receiver; a small surface-coil detector would likely
be the most appropriate for this type of sample.Conclusions
The ﬁve samples of bovine articular cartilage exhibited
a range of ﬁbre alignment morphologies, with only two of
the ﬁve samples studied showing the ‘‘conventional’’
three-zone pattern of PLM and DTI alignment angles. This
study focused exclusively on examining the correlations be-
tween the results obtained from PLM and MR images, and
did not examine the origins of the alignment variability. In
the two ‘‘conventional’’ samples, the alignment zones de-
rived from the average diffusion and PLM depth proﬁles
were well-correlated with the banding observed in T2-
weighted MR images. No such correlation was readily ap-
parent in the three samples with ‘‘non-conventional’’ depth
proﬁles of the alignment angles. Three of the samples
showed good quantitative agreement between the diffusion
angle q and the PLM angle a, and in all samples similarity of
the shapes of the corresponding DTI and PLM alignment
proﬁles was observed. The microscopic-scale (w10 mm)
dispersion of q and a and their respective averaging behav-
iour appears to be important factors for understanding the
extent of quantitative agreement between the two alignment
angles. The future development of an appropriate DTI data
analysis methodology will beneﬁt from the better under-
standing of the statistical averaging behaviour of the appar-
ent DT realised in the current study. The ﬁndings are
encouraging for the prospect of using DTI for the quantita-
tive measurement of collagen ﬁbre alignment.Acknowledgements
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